An optimisation methodology is developed and applied on a FRP sandwich body of an electric vehicle -ZBee, where single-objective and multi-objective optimisation studies are performed stepwise using a commercially available software package. The single-objective optimisation allows the identification of the load paths within the composite body, according to the loading conditions previously defined. Within the multi-objective optimisation, the optimum thickness and distribution for each of the layers that form the composite body are searched within the design space so as to obtain the best performance with respect to weight, material cost, global and local stiffness. Strength requirements are also considered as constraints within the optimisation. A conflict situation appears when several objectives are considered within the optimisation, meaning that an increased performance in one objective may often lead to a decreased performance for the others. Therefore, a trade-off between objectives is needed. The interpretation of results is partially made by using trade-off plots, the so-called Pareto frontiers. A method for the overall selection of the most beneficial solutions is proposed and applied in order to choose between the best obtained solutions according to the importance of the objectives.
Introduction
An extensive interest within vehicles industries to develop and make use of lightweight composite materials and structures has been generated by the need of reducing energy consumption within the vehicles' use-phase. Clear benefits of using composites especially with respect to weight reduction have been reported within aeronautical, rail, naval and automotive industries. Especially for electric vehicles, the use of fibre reinforced polymers (FRP) represents a salient approach to increase their range. Such a demonstration is given by the ZBee vehicle which represents the materialized vision of a Swedish company -Clean Motion AB -regarding energy efficient electric vehicles. This urban vehicle, classified as scooter according to EU regulations, has been designed for short distance transportation of up to three people and smaller goods. Figure 1 shows the 2 nd generation of the ZBee vehicle. The body in white was entirely made of FRP composites. Certain sections within the body were made of FRP sandwich structure for an increased bending stiffness, having PVC foams and polymer honeycombs as cores. The composite body was made of 9 parts which were adhesively bonded together to form a whole.
A new generation of the ZBee -the 3 rd generation -, Figure 2 , aims at an increased performance in terms of weight, material costs, local and global stiffness behaviour compared to the 2 nd generation.
Space for even more increased performance exists due to the fact that overall properties of FRP composites may be tailored to satisfy specific design requirements by changing the values of the constituents' specific parameters [1] . This goal can be attained if appropriate advanced optimisation tools are used. An optimisation problem is most often formulated when trying to improve the vehicles' performance by weight reduction. An optimal solution of the objective function (e.g. mass) is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 searched within a design space defined by the upper and lower limits of the design variables (e.g. materials' properties) and by certain imposed constraints (e.g. required stiffness, strength etc.) [2] . However, lowering the weight of a vehicle will most often imply a reduction of other performance criteria such as the stiffness and strength properties, material cost or the safety performance. Therefore, there are cases where several objectives need to be defined and considered within the optimisation procedure in which case a conflict situation appears between objectives, meaning that an increased performance in one objective leads to a decreased performance for the others [3] . Several complex optimisation techniques and algorithms have been proposed for solving such multi-objective problems [1, [4] [5] [6] [7] [8] [9] . The weighted sum approach has been used as an attempt to simplify the problem complexity of finding solutions within multi-objective optimisation problems, where all the objectives functions are summed into a single objective function, giving weight penalties for each of them [1] . Then, a solution may be obtained by running one of the many existing singleobjective optimisation algorithms. The main drawback regarding the weighted sum method is the quantification of weight penalties because the results are strongly dependent on them [10] , although methods for dealing with this issue have been studied and proposed [11] . Therefore, in order to obtain a large spectrum of solutions, dedicated multi-objective optimisation algorithms remain here of interest [12, 13] . One of the most spread algorithms within the current available commercial FE packages is the so-called MOGA (Multiobjective Optimisation Genetic Algorithm) [14] . Instead of providing one single solution, MOGA produces a set of solutions by searching within the design space for a set of Pareto optimal solutions [15] . The interpretation of results in the case of a multi-objective optimisation study is partially made with the help of the trade-off curves, the so-called Pareto frontiers [16] . The obtained Pareto frontiers only indicate the set of solutions that gives the best compromise between objectives, but there is a further need for choosing one single solution from the set. This can be done either by intuition or by reformulating the objectives as constraints, except one of them, or by using a composite objective function [3] . This article firstly addresses the problem of optimizing the FRP sandwich body of the new ZBee with respect to weight, stiffness, strength and material costs. Secondly, a selection method of the most beneficial design solutions is developed and applied in order to deal with the difficulties of interpreting the multi-objective optimisation results generated by MOGA.
All the values of the results characterizing the performance of the 3 rd generation are normalized to the ones that characterize the 2 nd generation, in order to evaluate the gained improvements.
Numerical model
All the analyses and optimisation studies have been performed within the Hyperworks 11 software package. Hypermesh facilities were used to simplify the geometry, to generate the mesh, to define material properties and to assign load cases. Optistruct solver was used for FE analyses and single-objective optimisation studies. Hyperstudy and RADIOSS solver was used for multi-objective optimisation studies. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 The FE mesh is generated on the outer surface of the body parts. The target finite element size was set to 10 mm. Quad and triangular shell elements were used to realize an initial automated mesh of the body parts. The generated finite elements have been checked and refined where needed, according to the HyperMesh quality indexes default values [17] . The resulted mesh has 688638 degrees of freedom, Figure 3 . The connection between body parts (i.e. the adhesive) has been modelled using rigid elements in order to simplify the model.
Material properties
The composite structures the body parts are made of are modelled in HyperMesh as laminates, each laminate being composed by several plies (layers). The material properties were thus defined individually for each of the layers within the software. Table 1 shows the types of layers that were used within the body structure of the ZBee-Generation 3 and their corresponding material characteristics. The acronyms GF-weave and GF-csm represent a bidirectional weave and glass fibre chopped strands mats respectively. SORIC represents a polymer honeycomb core material.
Loading conditions
Within the analysis and optimisation of the ZBee composite body there have been considered 6 loading conditions. The corresponding loads and constraints are illustrated in Figure 4 .
Global torsion
This load case has the purpose to evaluate the torsion stiffness of the whole composite body. Figure 4 (a) shows the considered boundary conditions, where node B has all the degrees of freedom retained. The torsion stiffness K t is thus determined using Equation (1) , where M xA is the moment applied along X-axis at point A and θ xA represents the rotation measured around X-axis at point A.
(1)
Global bending
The bending stiffness K b of the composite body is determined using Equation (2), where F zC is the force applied along Z-axis at point C and δ zC represents the displacement measured along Z-axis at point C. The node B has all degrees of freedom retained while node A is allowed to slide along X-direction, Figure 4 (b).
Front wheel brake
This load case has been introduced in order to evaluate the local stiffness of the composite body around the front wheel, Figure 4 (c). It is assumed that the vehicle is travelling on a 
Within this load scenario, inertia relief is used to obtain the load equilibrium of the model [18] . Thus, the applied loads F and M are balanced by inertial accelerations that automatically provide forces distributed over the body in such a way that the sum of the applied forces is equal to zero. However, all the degrees of freedom of node A, Figure 4 (c), are constrained in order to restrain the rigid body motion, but the reaction forces on this node are zero [17] .
Belt points forces
Specific local stiffness at belt points is also required. Within this load case, static forces are applied at belt points and their displacements are evaluated and used as constraints within the optimisation study. The degrees of freedom are restrained for all the bottom nodes, Figure  4 (d).
Front impact
For the homologation of the vehicle, several safety requirements need to be fulfilled and therefore equivalent load scenarios also need to be included within the simulations. Dynamic non-linear FE analyses are usually considered for investigating this type of crash scenarios [19] but these imply a high computational time, especially in the case of a multi-objective optimisation. For this reason, an equivalent static load case is here approximated, Figure 4 (e), where a force F is applied on the depended node B and distributed within interpolation constraint elements -RBE3 [17] on an estimated impact area from the composite body. The magnitude of the force F equals M•10g, where M is the full vehicle mass and g is the gravitational acceleration. The displacement of point B is then evaluated and used within the optimisation studies as a constraint or objective in the form of Equation (3). As in the case of the Front wheel brake load case, the inertia relief is used here too for obtaining the load equilibrium of the model. The degrees of freedom of node A, Figure 4 (e), are constrained in order to restrain the rigid body motion. Although this is a roughly simplified way to simulate a front impact scenario, it is anyway expected that the applied static force will unveil the load paths by increasing the thickness of specific layers as required in order to satisfy the displacement constraint of point B. Other authors have used the same approach for single-objective topology optimisation [20] .
Curb strike
This load case allows the effect of the load distributed within the composite body to be considered when the front wheel hits a curb. The force F, Figure 4 (f), is calculated as M•3g, where M is the full vehicle mass and g is the gravitational acceleration. It is assumed that the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 curb has a height of 100mm and the wheel radius is 230mm. The force is then applied in the centre of the wheel represented by the point B, Figure 4 (f), at an angle of 34° from Ox axis, within the xOy plane, and it is transferred to the composite body by the interpolation constraint elements -RBE3 [17] , that represent the fork. The displacement of point B is evaluated and used within the optimisation studies as a constraint or objective in the form of Equation (3).
Optimisation Methodology
The proposed optimisation methodology consists of three main steps, Figure 5 . First, a single-objective free size optimisation is performed on the composite body modelled as described at paragraph 2. Within the second step, the area covered by each layer is redefined according to the obtained distribution of thicknesses from the free size optimisation results. The last step consists of performing a multi-objective size optimisation to the redefined patches. A detailed description of these three steps is given further on.
Free size optimisation
When referring to composite laminates, the mathematical formulation of the single-objective free size optimisation problem may be described as it follows (adapted from [21] The goal at this stage is to identify the load paths through the composite body for the given loading conditions. The initial structure of the parts is considered to be made of six layers all over the body, according to the section illustrated in Figure 6 . The initial thicknesses of the GF-weave and GF-csm layers, Table 2 , have been predicted using Equation (4). (4) where:
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Wm is calculated for each as Wm= (Wf/wf)-Wf, where wf ρf vf/ ρf vf ρm vm), vf represents the fibre volume fraction and it is equal to 0.4 for GF-weave and 0.2 for GF-csm. The matrix volume fraction vm is equal to 1-vf .
-ρ f and ρ m are the densities of the glass fibres and of the polyester matrix, and they are equal to 2520 Kg/m 3 and 1160 Kg/m 3 respectively, [22].
Design variables
Within the free size optimisation, the thickness value of the layers shown in Figure 6 is allowed to vary freely within a predefined interval for each finite element. These thicknesses represent the design variables and their upper and lower limits are shown in Table 3 . The thickness of the Gelcoat layer is kept constant.
Constraints
The imposed design constraints within the free size optimisation may be interpreted as performance targets that should be met, for each of the considered load cases. The applied constraints are described in Table 4 .
The values for the objective functions K t3 and K b3 are constrained to be at least equal to two times the corresponding values for the 2 nd generation in order to force the PUR layer to grow in a more realistic shape instead of a scattered distribution.
Objective
The single-objective is to minimize the mass of the composite body by varying the defined design variables, Table 3 , while satisfying the imposed design constraints, Table 4 .
Results
The contour plot representing the thickness distribution of the PUR layer, Figure 7 , shows a thickness distribution up to 60 mm around the bucket region, although the upper limit of the corresponding design variable has been set to 30 mm, Table 3 . This happens because a Tjoint exists around the bucket and therefore the model implies two layers of PUR foam that are concurring within that region. A feasible solution has been reached within this optimisation step, where the mass has been decreased by 29.9 % compared to the 2 nd generation, at the same time by satisfying all the constraints defined in Table 4 . Although a theoretical feasible solution was obtained within the free-size optimisation, the resulted thickness distribution of each layer within the composite body is hard to reproduce in reality, especially the layer that represents the core, Figure 7 . For this reason, the interpretation of patches has been considered as a next step.
Interpretation of patches
The area covered by each layer is interpreted following the free size optimisation results, and redefined in order to reach a shape that is possible to manufacture. This step requires the assistance of experts on manufacturing technologies of composites. Figure 8(a) shows the distribution of the PUR foam within the composite body (gray areas) as it was interpreted based on the information provided by the free size optimisation results, Figure 7 , and by the recommendations coming from manufacturing experts. One of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 benefits of using PUR as a core within the composite body is that it may be extruded by using moulds into complex shapes that can better follow the load paths indicated by the analysis. However, there are regions within the composite body where higher local bending stiffness is required; PVC foam has higher stiffness properties comparing to PUR foam, Table 1 , and therefore it may provide a better behaviour. Still, milling the PVC foam into complex shapes may be an expensive process and thus this solution is acceptable only on relatively flat regions within the body. Such areas are shown in Figure 8(b) : the backrest and the bottom area of the floor. The backrest part allows the transfer of loads between floor, sides, seat and roof and therefore its contribution to the global behaviour of the body is important. Also, the bottom area of the floor requires higher bending stiffness due to the loads coming from the road within the connection of the wheels to the body, and from the seat and the backrest. There are regions within the model where no PUR was required following the considered loading conditions, Figure 7 . However, in order to avoid stability issues [23], a 3mm SORIC honeycomb [24] is required to be placed where no PUR is located -within the roof and the sides, Figure 8 (c).
Reinforcement patches consisting of glass fibre weaves have been considered within the floor region where the front wheel fork is connected to composite body, Figure 8 (d).
Size optimisation
The size optimisation is performed by considering multiple objectives. In the context of composite laminates, the mathematical description of the multi-objective size optimisation problem may be formulated as it follows:
Minimize Subject to where: -n is the number of objective functions; -represents a vector of design variables; it may be formed by thicknesses and fibre orientation angles for each of the i th layer placed within the j th set of elements -and are the k th constraint response and its upper bound -and represent the number of layers and the number of the elements sets the composite body is divided in -is the number of constraints Within the present study, a multi-objective genetic algorithm (MOGA) that is implemented in HyperStudy is used to perform the size optimisation by considering multiple objective functions.
Objectives
A number of 7 objectives functions have been defined within the size optimisation stage, Table 5 . The objective function representing the material cost is modelled according to Equation (5) and considering the assumptions made in Table 6.   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 (5) where:
-n -the number of body parts -m -the number of layers within body part -C kg -material cost per Kg -A ij -area covered by j layer within i part -ρ ij -material density of j layer within i part -T ij -thickness of j layer within i part
Design variables
The considered design variables represent the thicknesses of the layers redefined in step B (interpretation of patches) and they are shown in Table 7 . Because the layers that form the composite laminates are considered to have equal in-plane properties, Table 1 , the fibre orientation angle is not included in the optimisation. According to the defined sections within the body and by considering the number of layers, Table 7 , it resulted a total number of 42 variables.
Constraints
Three constraints were considered within this optimisation step, Table 8 . The values for the objective functions K t3 and K b3 are allowed within this optimisation step to decrease up to half the values of the 2 nd generation in order to increase the trade-off space with the conflicting objectives, by adding more solutions. Thus, low performance values for K t3 and K b3 will allow reaching high performance values for the conflicting objectives, as it will be shown further on. Tsai-Hill criterion was used in order to predict failure in the composite body assuming equal values for compressive and tensile strength. However, Tsai-Wu failure criterion may be used when different behaviour in compression and tension must be taken into account [25] . Thus, according to Tsai-Hill failure criterion, a value below 1 for the failure index given by Equation (6) indicates that the stress is within the allowable limits [26] . However, within the optimisation, this failure index is constrained to have a value below or equal to 0.2. This constraint is applied on certain finite elements that were identified as critical within a single run analysis considering the layers shown in Figure 8 and their initial thickness value shown in Table 7 . (6) where: -σ 1 and σ 2 are the in-plane stresses along longitudinal and transverse direction, -τ 12 represents the shear stress, -X and Y represent the allowable stress in longitudinal and transverse direction, -S is the allowable shear stress. 
Results
The obtained values for the objective functions from the multi-objective size optimisation are graphically presented from Figure 9 to Figure 14 and arranged in a tabular form within Table  9 , as normalized values to the ones characterizing the 2 nd generation of the ZBee; the Mass objective is plotted against all the other considered objectives. For the objectives to be minimized, improvements are observed if their normalized value is below 1, while a value above 1 indicates improvements of the objectives to be maximized. The plots shown, Figure 9 to Figure 14 , are also divided into four regions (I -IV) in order to clearly show and classify the performance offered by each of the design solutions. The performance is increased for both of the objectives if the solution comes from region I or it is decreased for both of the objectives if the solution comes from region IV. Region II and III contain those solutions where only one of the objectives has an increased performance. The trade-off between two objectives may be then realized by choosing the solution preferably from those placed within region I, Figure 9 to Figure 14 , by identifying the Pareto front (red line), and by making the trade-off between the points that define the Pareto front, in terms of the objective importance. However, when it comes to multiple objectives, difficulties with using the Pareto front arise from the fact that the best compromise between two objectives does not necessarily represent the best one between some other two objectives. Therefore, an overall performance of the objectives is needed, that relates the contribution of each objective when searching the most beneficial overall solution. Such an overall performance function is adapted here from [3] , where proportion factors are applied to relate the contribution of the objectives, Equation (7). (7) where:
-P s represents the overall performance function; -represents the normalized value of the i th objective to be minimized i=1,...,n;
, -represents the normalized value of the j th objective to be maximized, j=1,...,m;
, -p i represents the proportion to which the value of the i th objective contributes to the overall performance function P, in percents; -p j represents the proportion to which the value of the j th objective contributes to the overall performance function P, in percents; -.
The minimum value of the overall performance function P s gives the best compromise between the considered objectives while taking into account the desired value for the proportions p i and p j . Table 9 , correlated with the graphical representations shown within Figure 9 to Figure 14 , shows a selection of eight possible solutions obtained by varying the proportion factor p in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 such a way to give different contributions of the objective functions to the obtained design solution. Within Table 9 , Obj columns show the resulted values of the objective functions, for each of the possible solutions. The solutions denoted S local which are shown only within Figure 9 to Figure 14 , are obtained by defining equal proportion factors (both having a value of 50%) for each of the plotted objective functions, on each graph. This is a simple verification that the selection method used here gives the best compromise between two selected objectives. Within the solution denoted S1, the contribution of the Mass objective function has a proportion of 25%, the Material Cost 20%, both Torsion Stiffness and Bending Stiffness objectives represent 20%, while all the remain objectives only 5% each. This case shows a tied trade-off between objectives, where the Mass objective has the most important influence on the solution, followed by Material Cost, Torsion Stiffness and Bending Stiffness with equal importance. The solution S1 gives improvements for all the objective functions except the one corresponding to the front impact load scenario, Figure 14 . This can be further on finetuned as required by redefining the proportion factors p. The negative sign on the proportion factor applied to Torsion Stiffness and Bending Stiffness indicates that these objectives are to be maximized. The minimum value obtained for the overall performance function P s is in this case equal to -0.010, which allows further on the identification of the solution number that gives the best overall performance, Figure 15 . In the same manner, S2 -S8 represent solutions where different proportion factors are defined, Table 9 , in order to look for extreme dominated solutions and also to demonstrate the utility of the proposed selection method. Thus, S2 represents Mass dominated solution (p = 94%). S3 and S4 represent Torsion Stiffness dominated solution (p = -94%) and Bending Stiffness dominated solution (p = -94%) respectively. As it was previously described, the negative sign indicates that the objective that dominates the solution needs to be maximized. Further on, S5 -S8 are solutions dominated by objectives which are to be minimized, all of these objectives having the proportion factor p equal to 94%. The Failure Index constraint, Table 8 , has been found to be active for seldom design solutions; however, it was not active for the selected solutions S1-S8, Table 9 . In order to produce such kind of overall optimum solutions by using the herein proposed method there is a need to first define the proportion factors p. With other words, one should be able to answer the question: what is the proportion with which each objective should contribute to the chosen design solution? Each design solution corresponds to a distinct set of values for the design variables (layers' thickness); within the optimisation, the design variables vary between the predefined limits.
The obtained values of the design variables are shown within Figure 16 and Figure 17 , for each of the selected solutions, S1 -S8, for the Backrest and Roof sections. These plots represent sections within the composite parts, showing the thickness value for each of the layers. The symmetric distribution of the layers comes from the fact that symmetry constraints were considered within the optimisation problem definition. Similar plots may be generated for each part and used for extracting the thickness that has to be used for each layer, for all body parts, within the manufacturing process. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12
Conclusions
The composite body of a new electric vehicle -ZBee has been optimized with respect to weight, material costs, stiffness and strength, within an optimisation methodology that consists of three main steps. The second step of the described optimisation methodology (the identification of patches), implies knowledge input from manufacturing experts, for which reason a fully automated methodology could not be implemented here. Future research is required for dealing with this issue. The proposed optimisation methodology allows generating multiple design solutions at its end, from which the most beneficial ones are searched by following the importance allocated for each of the objectives, using the so-called proportion factors. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Bending stiffness of the 3 rd generation, Equation (2), should be at least equal to two times the one of the 2 nd generation.
Front wheel brake δ C3 ≤ δ C2 Displacement of point C, Figure 4 (c) of the 3 rd generation should be less than or equal to the one of the 2 nd generation.
Belt points stiffness δ belt_points_3 ≤ δ belt_points_2 Displacements of belt points, Figure 4 (d) on the 3 rd generation should be less than or equal to the ones of the 2 nd generation.
Front impact δ B3 ≤ δ B2 Displacement of point B, Figure 4 (e) of the 3 rd generation should be less than or equal to the one of the 2 nd generation.
Curb strike δ B3 ≤ δ B2 Displacement of point B, Figure 4 (f) of the 3 rd generation should be less than or equal to the one of the 2 nd generation. Bending stiffness of the 3 rd generation, Equation (2), should be at least equal to half of the one of the 2 nd generation.
Failure index F ≤ 0.2
The failure index F gives the failure condition of the laminate and it is determined using the Tsai-Hill criterion, Equation (6). Table 9 Figure 1
